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 
Abstract—We demonstrate widely wavelength-tunable 
continuous-wave (CW) and Q-switched Er3+-doped ZBLAN 
fluoride fiber lasers operating around 3 μm enabled by a volume 
Bragg grating (VBG). In the CW operation regime, a total 
wavelength tuning range of over 160 nm spanning from 2694 nm 
to 2854 nm has been achieved. For the Q-switched mode of 
operation, a slightly modified resonator configuration, 
incorporating a passive Q-switcher, topological insulator Bi2Te3 
nanosheets, can produce stable pulse trains with a pulse width of 
880 ns at a repetition rate of 81 kHz, while maintaining a 
wavelength tuning range of 62 nm from 2762 nm to 2824 nm 
through adjusting the VBG. In both operation regimes, the output 
spectral width is measured to be <0.3 nm (FWHM) over the whole 
tuning range. Our work both demonstrates the great 
wavelength-tuning potential of the Er3+-doped fluoride fiber laser, 
and also paves a way for the development of a range of high 
performance mid-infrared laser sources.  
 
Index Terms—Mid-infrared, wavelength tunable, Q-switched, 
topological insulator, fiber lasers. 
 
I. INTRODUCTION 
id-infrared (Mid-IR) laser sources in the spectral region 
of 3-5 μm have attracted a great deal of attention due to 
their potential for applications in a variety of areas, including 
plastic and polymer processing, non-invasive medical 
diagnosis, remote sensing, spectroscopy, IR countermeasures 
and pumps of other longer mid-IR laser sources [1-3]. For most 
of these applications, there are requirements of a high output 
power or energy, as well as a good beam quality and 
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considerable flexibility in operational wavelength, that are 
difficult to realize simultaneously in conventional bulk 
solid-state lasers due to the high thermal loading and narrow 
gain spectrum. In contrast to solid-state ion-doped crystal and 
other bulk laser oscillators, fiber-based laser sources can 
provide a promising route to achieving mid-IR laser emissions 
with superb performance thanks to their compact geometry 
having a high degree of immunity from thermal effects, distinct 
power scaling capability without decreasing efficiency or 
degrading beam quality, and the broad emission spectrum 
offering a flexibility in the operational wavelength. However, 
up to now a large gap still exists between the development of 
fiber lasers operating in the mid-IR wavelength region and 
those in the near-IR band, mostly due to the lack of efficient 
mid-IR optical components. Fortunately, mid-IR gain fibers 
that constitute the main element in a mid-IR fiber laser have 
been developed in recent years. Typical mid-IR gain fibers, 
such as rare-earth-ion doped fluoride and chalcogenide-based 
fibers with good mid-IR transparency and high lasing 
efficiency, can be fabricated [4-5] and utilized in the 
high-power fiber lasers at around ~3 μm [6-12].  
   Spectral tunability and narrowing are important features of a 
laser source, highly desirable in a vast range of applications in 
science, medicine, spectroscopy, measurements and other 
fields. The core element in the implementation of high-power 
narrow-linewidth and tunable laser emissions for various 
practical applications is an efficient wavelength-selection 
component. Fiber Bragg gratings (FBGs), characterized by 
their narrow linewidth and high reflectivity, and above all, 
convenience of alignment-free operation by avoiding the use of 
bulky components, are widely used in fiber laser sources to 
select and tune the lasing wavelength. High-power 
erbium-doped all-fiber lasers emitting at 2.94 μm and 3.44 μm 
have been realized by V. Fortin et al. using FBGs with the 
corresponding output spectral linewidth of 0.15 nm and <0.6 
nm, respectively [6-7]. However, FBGs are not very effective 
for wavelength selection and spectral narrowing in large mode 
area fibers, which can support higher-order transverse modes 
[13]. Besides, FBG tuning based on either thermal effects or 
mechanical stress is challenging for a wide wavelength range. 
Another common approach is to use an external feedback 
cavity incorporating a replica diffraction grating. S. Tokita et 
al. demonstrated a broadly wavelength-tunable operation of a 
CW Er3+:ZBLAN fiber laser with a maximum output power of 
>10 W using a diffraction grating with 600 lines/mm in the 
Littrow configuration [9]. The spectral linewidth across the 
tuning range was measured to be <1 nm. The replica diffraction 
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grating can supply a wide tuning range limited only by the 
emission spectrum of the gain medium. However, to narrow the 
output spectral width below 0.5 nm, the laser setup can be quite 
large and cumbersome with a relatively large collimated beam 
size in the external cavity (spectral linewidth Δλ 
dM2cosθ/πω, where d is the grating pitch, M2 is the beam 
quality factor, θ is the incident angle onto the grating, and ω is 
the collimated beam diameter on the grating.) [10-11].  
An alternative strategy for wavelength selection and spectral 
narrowing is to employ a volume Bragg grating (VBG), another 
type of robust optical element recorded in 
photo-thermo-refractive (PTR) glass. VBGs combine the 
advantages of high diffraction efficiency, narrow spectral 
width, low insertion losses, a high damage threshold, and good 
thermal stability, which make them very attractive as excellent 
spectral narrowing and wavelength-selection components in 
high-power, narrow-linewidth, and wavelength-tunable laser 
sources. Efficient applications of VBGs for stabilizing and 
narrowing the laser diodes [14], optical parametric oscillators 
[15] and solid-state lasers [16] have been frequently 
demonstrated in past years. More recently, VBGs have also 
been successfully employed as a wavelength selective element 
in high-power fiber lasers operating in various spectral regions, 
such as Yb-doped fiber lasers at ~1 μm [17], Er,Yb co-doped 
fiber lasers at ~1.5-1.6 μm [18-19], Raman fiber lasers at ~1.7 
μm [20] and Tm-doped fiber laser at ~2 μm [21] with output 
powers up to 138 W, 103 W, 11 W and 112 W, respectively. 
However, to the best of our knowledge, the wavelength 
narrowing and selection potential of VBGs in the 2.6-5 μm 
mid-IR wavelength region has not been reported yet. 
In this paper, we demonstrate a broadly tunable mid-IR 
Er3+-doped ZBLAN fiber laser in CW or Q-switched regimes 
for the sake of flexibility in mode of operation. Wavelength 
tuning has been achieved through exploiting an external cavity 
containing a VBG with a peak reflectivity at 2950 nm. In the 
CW regime, we have demonstrated an overall tuning range of 
160 nm from 2694 nm to 2854 nm. Further power scaling has 
been performed at the operating wavelength of 2788.8 nm with 
the best lasing performance, resulting in a maximum output 
power of up to 2.1 W and the corresponding slope efficiency of 
22.5% with respect to the incident pump power. In the 
Q-switched regime enabled by a passive saturable absorber 
(SA) based on a topological insulator (TI): Bi2Te3 nanosheets, 
stable pulse trains have been obtained with a maximum average 
output power of 0.459 W and a corresponding pulse width of 
880 ns. The operating wavelength can be tuned from 2762 nm 
to 2824 nm, covering a tuning range of 62 nm. The output 
spectral width is measured to be <0.3 nm over the whole tuning 
range in both operation regimes, limited by the resolution of the 
monochromator. To the best of our knowledge, this is the first 
time that VBGs have been applied in the CW or pulsed mid-IR 
tunable fiber-based laser sources with a wavelength greater 
than 2.6 μm, and our results can provide new insight into 
possible designs of novel mid-infrared tunable fiber laser 
sources. 
 
II. EXPERIMENTAL SETUP 
The schematic diagram of the tunable Er3+-doped ZBLAN 
fiber laser is shown in Fig. 1. The pump light was provided by a 
fiber-coupled laser diode, with a 105 µm core diameter and a 
numerical aperture (NA) of 0.22, delivering output power of up 
to 40 W at 975 nm (<2 nm FWHM). The gain medium is a 
double clad 6 mol.% Er3+-doped ZBLAN fiber (FiberLabs) 
with a core diameter of 32 μm and a NA of 0.12, surrounded by 
a circular-shaped inner-cladding of ~300 μm diameter and 0.51 
NA. The pump absorption coefficient was measured to be ∼4 
dB/m in the cladding-pumped ZBLAN fiber through the 
cut-back method. Therefore, a fiber length of 4.3 m was 
selected to guarantee sufficient pump absorption. The pump 
radiation was collimated and focused into the inner-cladding of 
the gain fiber through one dichroic mirror (M1) by using two 
antireflection-coated plano-convex lenses (L1 and L2) of 25 
mm and 50 mm focal lengths, respectively. The measured 
pump launch efficiency was approximately 90%. The pump 
launch end of the gain fiber was perpendicularly cleaved and 
the opposite side adjacent to the external cavity was angle 
cleaved at ~8° to suppress the broadband feedback from the two 
uncoated fiber facets. Both end sections were carefully 
mounted in water cooled V-groove heat sinks to prevent 
possible thermal damage to the fiber coating. 
The lasing feedback was provided by the ~4% Fresnel 
reflection from the perpendicularly cleaved fiber end 
(functioned as an output coupler) and a specific external 
feedback cavity depending on the operation regime (CW or 
Q-switched) except for the same VBG based wavelength tuning 
section. The VBG (OptiGrate Corp.) used in the experiment has 
a center wavelength of 2950 nm with a peak diffraction 
efficiency of >90% and spectral selectivity of <4 nm (FWHM), 
which was wrapped with a layer of indium foil (0.1 mm in 
thickness) and then mounted in a copper heat sink to ensure 
good heat removal. In the CW mode of operation, the external 
cavity also included an antireflection-coated CaF2 lens with a 
focal length of 20 mm that can shape a collimated laser beam of 
~5 mm diameter to be comparable with the 8 mm × 6 mm clear 
aperture of the VBG. In the Q-switched operation regime, 
another two antireflection-coated CaF2 lenses with 
corresponding focal lengths of 20 mm and 25 mm were selected 
and added to the external cavity to obtain an appropriate focal 
spot onto the Bi2Te3 SA, and a comparable collimated laser spot 
with the VBG simultaneously. A dichroic mirror (M1) was 
positioned at 45° in the pump path to extract the laser output. 
 
Fig. 1. Schematic diagram of the tunable Er3+:ZBLAN fiber laser. External 
feedback cavity incorporating the VBG in the CW operation regime (a), and in 
the Q-switched mode of operation (b). 
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In both the CW and Q-switched operation regimes, 
wavelength tuning in the Er3+-doped ZBLAN fiber laser was 
realized by adjusting the angles of both the VBG and the 
followed HR plane mirror M2 incorporated in the external 
feedback cavity. 
The output spectrum was measured using a calibrated 
monochromator (Princeton instrument, Acton SP2300) with a 
resolution of ~0.3 nm at ~3 μm wavelength band. A real-time 
oscilloscope with a bandwidth of 4 GHz (Agilent Technol., 
DSO9404A) together with a HgCdTe detector (VIGO System, 
PCI-9, <~2 ns rise-time at 1-9 μm) were simultaneously used to 
monitor the pulse train. 
 
III.RESULTS AND DISCUSSION 
A. CW operation regime 
We first evaluated the lasing characteristics of the tunable 
Er3+-doped ZBLAN fiber laser in the CW regime. Figure 2 
shows the laser output powers as a function of the tuning 
wavelength for different pump powers of 0.9 W, 4.3 W and 5.8 
W, respectively. It can be seen that the operating wavelengths 
are all around 2790 nm for the highest output power under 
different pump levels, corresponding to the gain peak of the 
Er3+-doped ZBLAN fiber. Besides, tuning curves at lower 
pump powers tend to be flatter than that at high pump levels, 
combined with a sharp drop in output power at the edges of the 
tuning range for all three curves. For the extremely short 
wavelength tuning range, lasing became progressively more 
difficult due to a higher pump threshold resulting from 
increased reabsorption loss and the reduced reflectivity of the 
VBG aligned with a large incident angle. The origin of the 
reduction in power towards the long-wavelength side can be 
explained by the reduced gain and higher loss at these 
wavelengths. At the relatively low pump power of 0.9 W, a 
wavelength tuning range of 124 nm from 2703 nm to 2827 nm 
was obtained. When the pump power increased to 4.3 W, the 
tuning range was enlarged to be 156 nm spanning from 2694 
nm to 2850 nm. A slight redshift of the entire wavelength 
tuning band occurred at the increased pump power of 5.8 W, 
covering a tuning range of 157 nm from 2697 to 2854 nm with a 
maximum output power of 1.28 W at 2788.6 nm. This shift 
towards the long-wavelength side at high pump levels can be 
attributed to the increased reabsorption effect for the 
accumulated large residual populations in the lower laser level. 
we did not observe any obvious shrinkage of wavelength tuning 
range with increasing pump power as reported in Ref. [8] and 
[9] where the high pump intensities applied can further enhance 
the reabsorption effect. In contrast, in our experiment with 
relatively moderate pump powers the wavelength tuning range 
at lower pump powers suffered from much narrower tuning 
range because lasing at the extremely short wavelength was 
depressed owing to the weak laser gain and, specifically, much 
higher insertion loss of the VBG aligned at a large incident 
angle. In addition, it is worth noting that a wavelength tuning 
span of as large as 256 nm for the VBG (from VBG’s center 
wavelength of 2950 nm to the shortest tuned wavelength of 
2694 nm) could be realized throughout the tuning process, 
which demonstrates the VBG’s distinct wavelength-tuning 
capability in tunable laser sources. 
Output power scaling was only examined at the operating 
wavelength with the highest efficiency. Figure 3 shows the 
output power as a function of the pump power when the 
operating wavelength was locked at 2788.8 nm using the VBG 
aligned at a specific incident angle. A maximum output power 
of 2.1 W was generated for the incident pump power of 10.3 W, 
corresponding to a slope efficiency of 22.5% with respect to the 
incident pump power. For comparison, we also evaluated the 
lasing characteristics of the Er3+-doped ZBLAN fiber laser in 
the free-running operation regime (without the 
wavelength-selection element). Output power up to 2.4 W was 
achieved at the same pump power of 10.3 W with a slope 
efficiency of 24.2% with respect to the incident pump power. 
The relatively poorer performance of the Er3+-doped ZBLAN 
fiber laser in the tunable mode in terms of output power and 
slope efficiency can be attributed to the additional cavity loss 
induced by the VBG. Nevertheless, the rapid development of 
the VBG fabrication technology will definitely further increase 
 
Fig. 2. Output powers as a function of the tuning wavelength for different 
pump powers. 
 
 
Fig. 3. Output powers as a function of the pump power from the Er3+-doped 
ZBLAN fiber laser under the free-running and tunable mode of operation. 
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their peak reflectivity and reduce the insertion losses in the 
mid-IR wavelength region, which can facilitate it bridging the 
gap between the two operation regimes. Good long-term power 
stability remained throughout the whole tuning range and the 
power scaling process with output power fluctuations of less 
than 1% over a timescale of 2 hours. 
With the main priority being to ensure excellent long-term 
operational reliability we did not run the CW tunable fiber laser 
system at full pump power to test and characterize the high 
power lasing performance. Actually, prior to the current 
tunable experiment, several power scaling experiments were 
performed and we found that once the pump power was 
increased up to around 20 W, the output power of near 5 W 
began to decline sharply after operating for several minutes due 
to the catastrophic destruction of the fiber tip near the pump 
launch end. To mitigate the detrimental effect of fiber tip 
degradation at high-power operation, stable end caps should be 
used to protect the exposed fiber facets from OH contamination 
in the atmosphere that would ultimately result in fiber failure 
[22]. In our future work, the current laser configuration will be 
optimized to guarantee the stable operation at high power 
levels. 
The measured laser output spectra in the free-running and 
wavelength-locked operation regimes are shown in Fig. 4 (a), 
from which we can see that in the free-running operation 
regime, the emission spectrum is not very clean and relatively 
broad spanning from 2789 nm to 2797 nm with several obvious 
spectral peaks. In contrast, the output spectrum in the case of 
VBG-locked operation exhibits a clear single peak with a 
similar spectral width of ~0.3 nm, which is comparable to the 
resolution of the monochromator in this wavelength region. We 
argue that the actual linewidth of the output spectrum is less 
than 0.3 nm and can be accurately measured by a scanned 
Fabry-Perot interferometer with an appropriate free-spectral 
range in future. The comparison of the output spectra in the 
free-running and wavelength-locked operation regimes 
demonstrate that VBGs perform very well for applications in 
mid-IR fiber laser sources as wavelength-selection and spectral 
narrowing elements. Figure 4 (b) shows the measured spectral 
profiles at different tuned wavelengths in a linear scale. 
Similarly, the output linewidth of the tunable Er3+-doped 
ZBLAN fiber laser remained approximately constant over the 
whole tuning range at <~0.3 nm, only limited by the resolution 
of the monochromator. 
B. Q-switched operation regime 
To validate the wavelength flexibility of the fiber laser in 
different operation modes, we also constructed a passively 
Q-switched Er3+-doped ZBLAN fiber laser with a slightly 
different external feedback cavity, and investigated the 
Q-switched lasing performance, especially the wavelength 
tuning characteristics using the same VBG. Passively 
Q-switched fiber lasers based on SAs have been recognized as 
an ideal approach to generate high energy pulses owing to their 
compactness, high efficiency and good beam quality, in 
contrast to the actively modulated counterpart. A variety of SAs 
have been investigated and applied in the Q-switched fiber laser 
sources emitting in the ~3 μm wavelength region, such as 
ion-doped crystals [23], semiconductor saturable absorption 
mirrors (SESAMs) [24], graphene [25-26], transition metal 
 
 
Fig. 4. Laser output spectra of the Er3+-doped ZBLAN fiber laser in typical 
wavelength-tunable (Red Dot) operation regime and free-running (Blue Line) 
mode of operation for comparison (a), and measured laser output spectra at 
different tuning wavelengths in a normalized linear scale (b). 
 
 
Fig. 5. Measured nonlinear saturable absorption curve of the Bi2Te3 SA used 
in the Q-switched regime; Inset: schematic diagram of the experimental setup 
for measuring TI’s nonlinear saturable absorption. 
 
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
5 
dichalcogenides [27], black phosphorus [28-29] and other 
graphene-like novel two dimensional (2D) materials. TIs, 
emerging as one kind of Dirac materials, have attracted 
considerable attention in recent years as effective 
ultra-broadband SAs for pulsed laser applications benefiting 
from their unique broadband saturable absorption property, 
high damage threshold and tunable modulation depth [30-32]. 
The Q-switched operation in this experiment was realized 
based on the TI: Bi2Te3 SA included in the external feedback 
cavity. The Bi2Te3 nanosheets were synthesized via a 
solvothermal method, and then dispersed in an ethanol solution. 
The dispersed solution was then transferred onto an 
anti-reflection coated CaF2 substrate by drop coating and air 
drying to prepare the SA. More details about the synthesis of 
Bi2Te3 nanosheets and the characterizations of the sample can 
be found in our previous publication [33]. 
The nonlinear saturable absorption of the Bi2Te3 SA was 
measured to confirm the saturable absorption capability near 3 
μm. The pump source used in the test was an in-house 
constructed nanosecond pulsed mid-IR OPO system emitting at 
~2.7 μm [3]. The measured nonlinear absorption curve is 
shown in Fig. 5, the inset of which depicts the experimental 
setup. The corresponding saturation pulse influence, 
modulation depth and non-saturation loss of the TI: Bi2Te3 SA 
were calculated to be 1.54 mJ/cm2, 77.6%, and 24.3%, 
respectively, according to the measured nonlinear absorption 
curve.  
We then inserted the fabricated TI:Bi2Te3 SA into the 
external cavity and carefully adjusting its position and the 
incident angle of the VBG to optimize the pulse stability and 
average output power. The measured center wavelength of the 
laser output with the optimal performance in terms of stability 
and output power locates at 2791.3 nm with a FWHM spectral 
linewidth of <0.3 nm. Figure 6 shows the oscilloscope trace of 
the Q-switched laser output at the incident pump power of 4.9 
W. A maximum average output power of 0.459 W was obtained 
with the corresponding pulse width of 880 ns and a repetition of 
81 kHz. This is, to the best of our knowledge, the narrowest 
Q-switched pulses achieved in the mid-IR wavelength region 
based on TI SAs. 
The pulse width and repetition rate as a function of the 
incident pump power are depicted in Fig. 7, from which we can 
see that the pulse repetition rate increases quasi-linearly with 
the pump power while the pulse width exhibits a decreasing 
tendency with respect to the incident pump power. The pulse 
energy was calculated based on the average output power and 
pulse repetition rate, as shown in Fig. 8. It can be seen that the 
average output power increased quasi-linearly with respect to 
the incident pump power with the corresponding overall slope 
 
 
Fig. 6. Temporal profiles of the Q-switched pulse train recorded at different 
time scales. 
 
 
Fig. 7. Measured pulse repetition rate and pulse duration as a function of the 
incident pump power. 
 
 
Fig. 8. Output power and corresponding pulse energy as a function of the 
incident pump power. 
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efficiency of ∼14% and a maximum single-pulse energy of 5.7 
μJ at the pump power of 4.9 W. The pulse-to-pulse amplitude 
fluctuation was measured to be below ~2%. To further 
investigate the long-term stability, we also recorded the average 
output power as well as spectra over a timescale of 2 hours. 
Neither obvious central wavelength drifting nor power 
roll-over was observed, which indicates reasonably long-term 
stability. When we further scaled up the pulse energy by simply 
increasing the pump power, the Q-switched pulse train became 
unstable, which is possibly attributed to the thermal load 
accumulated in the SA. 
The wavelength tuning characteristics in the Q-switched 
regime were also evaluated similarly to that in the CW regime. 
Continuous wavelength tuning is achieved by adjusting the 
angles of both the VBG and the following HR plane mirror. To 
maintain stability of the laser system while performing 
wavelength tuning in the Q-switched regime, the pump power 
was kept at 3.9 W. A tuning range of 62 nm from 2762 nm to 
2824 nm was obtained with a maximum average output power 
of 0.26 W at 2791.3 nm, as shown in Fig. 9. It is worth noting 
that the tuning range shrank sharply in contrast to that in the 
CW regime. Besides, when tuning to both two ends of the curve 
the pulse train became slightly unstable with a much reduced 
average output power. This can be attributed to the much higher 
thermal loading in the gain fiber suffering from intense 
energy-transfer upconversion and increased heat generation 
accumulated in the SA in the Q-switched regime. To further 
extend the wavelength tuning range, the cavity configuration 
and the SA fabrication technique should be optimized to 
alleviate these detrimental effects in the future. Similarly, the 
output spectral width of the tunable Q-switched Er3+:ZBLAN 
fiber laser was measured to be <0.3 nm over the whole tuning 
range. 
IV. CONCLUSION 
 In conclusion, we demonstrated a broadly tunable mid-IR 
Er3+-doped ZBLAN fiber laser in both CW and Q-switched 
regimes through the use of a VBG. Overall tuning ranges of 160 
nm from 2694 nm to 2854 nm and 62 nm from 2762 nm to 2824 
nm are achieved in the CW and Q-switched regimes, 
respectively. For both operation modes, the output spectral 
width is measured to be <0.3 nm over the whole tuning range, 
limited only by the resolution of the monochromator. 
Approaches for further extending the wavelength tuning range 
of the mid-IR fiber laser have been discussed. Further power 
scaling capability of the tunable Er3+-doped ZBLAN fiber laser 
will be explored in future. Our experimental results can serve as 
a convincing demonstration to validate that VBGs can exhibit 
good performance in mid-IR tunable laser sources as a 
wavelength-selection component. 
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